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Abstract 
A theoretical proposal that Coulomb-coupled quantum dots can be used as quantum 
probes to determine the temperature of a sample (i.e., an electronic reservoir) is 
proposed. Through the regulation of the positive or negative voltage bias in the 
thermometer, we are able to judge whether the temperature of the sample is higher or 
lower than that of the reference heat reservoir in the measure environment and to 
determine the precise temperature of the sample by using a particularly simple 
temperature-voltage bias relationship in the reversible condition. One outstanding 
characteristic of the thermometer is that when the sample is at low temperatures, a 
small temperature change will lead to a large voltage bias change. It means that the 
proposed thermometer has a high sensitivity when low-temperature samples are 
measured.   
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1. Introduction 
Thermometry at the nanoscale has attracted considerable attention in the fields of 
modern science and technology because the conventional thermometry is not 
applicable when spatial resolution decreases to the submicron scale [1,2]. Precisely 
measuring the temperature of small systems at very low energies is an important issue 
in the development of nanotechnologies, which would pave the way towards many 
groundbreaking applications in quantum science [3,4], bioscience [5,6], and material 
science [7-12]. The urgent need for temperature measurement at the nanoscale 
motivated the development of precise quantum thermometric techniques. In recent 
years, various quantum systems have been investigated and demonstrated to be 
possibly used as thermometers. For example, a single quantum dot as a thermometer 
can be used to accurately estimate the temperature of fermionic [13,14] and bosonic 
[15,16] reservoirs. The smallest possible thermometer, namely, a single qubit, can 
distinguish two different temperatures of a bosonic bath [17]. The Coulomb blockade 
thermometer is also an important part of thermometry and has been studied for several 
decades [18-20]. It is based on the properties of the Coulomb blockade in tunnel 
junctions and the electronic temperature can be extracted from the current–voltage 
characteristics. Recent progress suggests that the unknown temperature of a sample 
can be estimated by putting it in thermal contact with an individual quantum probe, 
which can minimize the undesired disturbance on the sample [21]. A quantum thermal 
machine used to the low-temperature thermometry has been proposed in Ref. [22]. In 
this thermometry approach, a hot thermal reservoir and a cold sample are coupled to 
the machine to form a quantum refrigerator, which allows for simultaneously cooling 
the sample and determining its temperature in the case of the refrigerator reaching the 
Carnot efficiency [22]. 
A remarkable study based on Coulomb-coupled quantum dots was recently finished 
by Sánchez et al., who showed that the heat flow and the charge current can be 
completely decoupled by a three-terminal device, which consists of two capacitively 
coupled quantum dots connected to electron reservoirs operated in the 
Coulomb-blockade regime. They demonstrated that such a three-terminal quantum dot 
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nano-scale heat engine can obtain the Carnot efficiency under reversible conditions 
[23]. In recent years, the electron and heat transport properties of Coulomb-coupled 
quantum-dot systems have been extensively investigated in the fields of 
thermoelectricity [23-27], thermal rectification [28-33], and logical stochastic 
resonance [34]. In this paper, we proposed that Coulomb-coupled quantum dots can 
be used as a quantum probe to determine the temperature of a sample through the 
transport properties in a three-terminal structure. It is expounded that the 
Coulomb-coupled quantum-dot thermometer can not only determine that the 
temperature of a sample is higher or lower than that of the reference heat reservoir in 
the measure environment but also precisely measure the temperature of the sample. 
 
2. Model and theory 
The model of a Coulomb-coupled quantum-dot thermometer is illustrated in Fig. 1. 
A tunneled quantum dot (denoted by QDB) couples two separate electronic reservoirs 
with temperatures LT  and RT . A second quantum dot QDS is capacitively coupled to 
QDB. Two quantum dots interact only though the long-range Coulomb force such that 
they can only exchange energy U  but no particles. The Coulomb-coupled quantum 
dots as a probe is tunneled to couple to a sample, which is an electronic reservoir with 
the temperature ST  to be measured. The whole setup, apart from the sample, is 
referred to as a thermometer. The heat flow into the reservoir ( , , )L R S    is 
denoted by J , and the charge current, in the thermometer, from the left reservoir to 
the right reservoir is denoted by I . The voltage bias V  is applied to the right 
reservoir and used to regulate the charge current. 
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Fig. 1. The schematic illustration of a Coulomb-coupled quantum-dot thermometer. 
 
In the Coulomb blockade regime, the quantum states of the Coulomb-coupled 
quantum-dot system are characterized by  00 , 10 , 01 , 11B Sn n  with 
occupation probabilities  00 10 01 11, , ,p p p pp , where ( )B Sn n
 
is the occupation 
number of the quantum dot QDB (QDS). In the sequential tunneling regime, the 
evolution of the occupation probabilities p  can be described by a rate equation 
p Mp , where 
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denotes the transition rates which are quite generally energy dependent. In Eq. (1), 
/ ,( )n n B S nf E      describe tunneling events that take an electron into (+) or out (-) 
the quantum dot through electronic reservoir   when the occupation number the 
other quantum dot is n  ( 0,1n  ) , n  is the bare tunneling rate,
  1( ) [1 ]Bx k Tf x e  
    is the Fermi function and ( ) 1 ( )f x f x    , 
/ , / / ,0 1B S n B S B S nE U U     is the charging energy of the quantum dot QDB/QDS, 
which depends on the occupation number n  ( 0,1n  ) of the other quantum dot, and 
/B S  is the bare energy of the discrete level in the quantum dot QDB/QDS. The 
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electrostaic energies are, respectively, given by [23] 
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1 0B BU U U  , and 1 0S SU U U  , where V q   is the electric potential of the 
reservoir  ,   is chemical potential of the reservoir  , q  is the elementary 
charge, and 2U q C   is the exchanged energy between the two quantum dots when 
an electron tunnels into the empty quantum dot but leaves it only after the second 
electron has occupied the other quantum dot. The total capacitance of each quantum 
dot is defined by B L RC C C C     and S SC C C   , and the effective 
capacitance  2B SC C C C C   .   
We focus on the case of a nonequilibrium steady state. The steady-state 
probabilities are solved by the stationary solution of the rate equation, i.e., 0p , 
together with the normalization condition 1 p . Thus, the charge current through 
the thermometer is given by 
1 0( )Rn n Rn n
n
I q p p    .                                         (4) 
In the steady state, R LI I I   . The heat flows from QDB into the left and the right 
reservoir are, respectively, given by 
1 0( )( )L Bn L Ln n Ln n
n
J E p p                                        (5) 
and 
1 0( )( )R Bn R Rn n Rn n
n
J E p p      .                                 (6) 
The heat flow from QDS into the sample reservoir is given by 
1 0( )( )S Sn S Sn n Sn n
n
J E p p      .                                  (7) 
This nonequilibrium steady state is characterized by a steady entropy flow given by 
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3. Thermometry 
In what follows, the thermometer is operated among the reference heat reservoir at 
temperature BT  which is usually equal to the environment temperature and 
L R BT T T  . The sample temperature ST  is usually not equal to the temperature BT  
of the reference heat reservoir. The voltage bias R Lq V     is applied to the 
thermometer, and the voltage bias and the temperature gradient can be used to 
precisely regulate the heat exchange process of the Coulomb-coupled quantum-dot 
system. The asymmetric energy-dependent transport barriers are defined by the bare 
tunneling rate n  , except 1 0L R    , where 0 1  . Thus, the entropy 
flows as a function of the voltage bias are plotted in Fig. 2.  
 
Fig. 2. Entropy flows as a function of the voltage bias for 0   (black solid line), 0.001   
(red dashed line) and 0.01   (blue dotted line). Parameters 5B Bk T   , 10B Sk T   , 
2 50q C   , 20U   , and 0B S   are chosen. 
 
It is shown that in the nonequilibrium state ( 0, 0T V   ), the entropy flows of 
the Coulomb-coupled quantum-dot system are always greater than zero, i.e., 0  , 
 7 
in the case of 0  . But, in the special case of 0  , i.e., 1 0 0L R   , it can be 
found from Eqs. (5)-(8) that when the voltage bias and temperatures fulfill the 
following condition  
1 B
S
Tq V U
T
    
 
,                                             (9) 
the entropy flow of the system is equal to zero, i.e., 0  . This result is also 
obtained in Ref. [35]. In this case, all the heat flows and charge current will vanish, so 
the system is in reversible in spite of the existence of the temperature gradient and 
voltage bias. This feature has been widely studied in thermoelectric devices [23,25]. 
Eq. (9) is a key ingredient for the proposed thermometer, which indicates an indirect 
measurement of the sample temperature by simply measuring the voltage bias in the 
reversible condition. Fig. 3 shows the charge current in the thermometer as a function 
of the voltage bias in the case of 0   and sketches the scheme for measuring the 
temperature of the sample. 
 
Fig. 3. The charge current in the thermometer as a function of the voltage bias for 0  . The 
other parameters are the same as those used in Fig.2. 
 
The sample temperature can be determined by using the following strategy. First, 
there is a negative (or positive) charge current in the thermometer when the 
measurement starts, as shown by the blue dotted circle in Fig. 3. Then, increasing (or 
decreasing) the voltage bias and monitoring the charge current I
 
until the charge 
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current is equal to zero, i.e., 0I  , we can obtain the value of the voltage bias at this 
time. Finally, we can determine the sample temperature ST  by using Eq. (9). Fig. 4 
shows the characteristic curve of the sample temperature and voltage bias in the 
reversible condition.  
 
Fig. 4. The sample temperature as a function of the voltage bias in the reversible condition for 
fixed 5B Bk T   and 20U   . 
 
It is found that when 0V  ,  the sample temperature is less than the reference 
temperature, i.e., S BT T . However, in the region of 0V  , S BT T . This suggests 
that the properties of the sample temperature (cold or hot relative to the reference 
temperature) can be judged by the value of the voltage bias without knowing the 
reference temperature of the measure environment. It can be also found that in the 
region of 0, S BV T T   , a small change in the sample temperature can induce a 
large change in the voltage bias. This means that a low precision measurement of the 
voltage bias is converted into a high precision measurement of the sample temperature. 
This is characterized by a factor of the measurement sensitivity  , which is defined 
as the change of the voltage bias divided by the variation of the sample temperature, 
i.e., 
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Fig. 5 shows the measurement sensitivity as a function of the sample temperature in 
the reversible condition. It can be found that when the sample temperature decreases, 
the sensitivity of measurement increases sharply. However, it should be pointed out 
that when the sample temperature decreases, the charge current in the thermometer 
will also decrease, so that it is more difficult to adjust the charge current to zero by the 
voltage bias. Therefore, when the thermometer proposed here is used to measure low 
temperature samples, the measurement difficulty increases with the decrease of the 
sample temperature.  
 
Fig. 5. Measurement sensitivity as a function of the sample temperature in the reversible condition 
for fixed 5B Bk T   and 20U   . 
 
Recently, the Coulomb-coupled quantum dot system has been experimentally 
realized by growing a modulation doped GaAs/AlGaAs heterostructure with a high 
mobility two-dimensional electron gas (2DEG) located about 92 nm below the surface 
and the tunneling rate can be modulated around eV   [24]. In this case, the 
environment temperature 58.0mKBT   in this paper, we can found that the sample 
temperature 14.5mKST  be measured when the voltage bias 0.06mVV    and 
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the measurement sensitivity 64  . 
 
4. Conclusions 
In conclusion, we have established a Coulomb-coupled quantum-dot thermometer 
in which the Coulomb-coupled quantum dots as a probe is tunneled to couple to a 
sample and the sample temperature can be determined through the 
temperature-voltage bias characteristics in the reversible condition. We also 
determined that the Coulomb-coupled quantum-dot thermometer can be used not only 
to directly judge the temperature of the sample to be higher or lower than that of the 
reference heat reservoir which is unnecessarily known but also to precisely measure 
the temperature of the sample. In principle, the proposed thermometer has a high 
sensitivity when low-temperature samples are measured. The results obtained here 
can provide theoretical guidance for the theoretical advance of temperature estimation 
in the quantum regime and open up potential technological applications for the 
development of high precision thermometry at the nanoscale. 
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